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INTRODUCTION 

This report covers the work accomplished by Vickers 
Incorporated under NASA Contract NAS 3-2550 during the month of 
October, 1962. The objectives of this program are to conduct an 
engineering study culminating in the design of an electrical power 
generation system operating on hydrogen and oxygen in a space environ- 
ment, and to conduct preliminary testing on critical system components. 

PROGRAM SCHEDULE 

The program schedule is shown in Fig. 1. The program plan 
for this project covering the entries of Fig. 1 was described in the pro- 
gress  report for  July, 1962. 

The schedule shown in Fig. 1 has been revised from that 
shown in previous program reports in order to reflect delays which have 
been experienced in the fabrication of experimental hardware. P a r t s  for 
this program are being given top priority in the prototype shop in order 
to meet the revised schedule of Fig. 1. 

A s  a result of the hardware schedule slippage, testing of the 
experimental components will  be delayed. Therefore i t  is recommended 
that the test portion of the program be extended one month, to be com- 
pleted approximately February 1. This wil l  still allow completion of 
testing within the original overall program schedule. At this time it ap- 
p e a r s  that the revised schedule can be met and that the schedule revision 
wi l l  not significantly affect the overall program scope o r  cost. 

PARAMETRIC STUDIES 

In this report period the power modulation control analysis 
w a s  expanded, and a hybrid system emerged as the best type of control. 
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The basic cycle analysis was also rnodltied to include hydrogen inlet 
valve effects, Openmg the hydrogen m’iet valve before TDC has a detri- 
mental effect on engine pertormanee due tc mcreased compression work, 
Fig. 2 shows the efieef of e w i y  &et ~-a?ve 0penmg on BSPC for three dif- 
ferent valve durations. A minimum BSPC 01 99 ibQ ,t’hp-hrc or  f,47 
lb. /kw-hr, is possible with the Hydrox engme, using a 30’ duration 
valve, This valve duration was i l ? ~ r d  to be praLtiea’l ircsm a valve 
dynamics standpomt- 

The hybrid power rnc~d~!arim contror systsm cornbnes two 
modes of control; first: vaiiable hydicger, M e t  pressure ~p to the maxi- 
mum available, then a variable phase inydccgen vaive brings the engine 
to its maximum rated power, EngsAe displacement arid maximum com- 
bustion pressure (arid thus hydxcrgen supply presswe) wewe the prmciple 
variables in thls analysis, A 30” dux ation hydrogen valve phased for a 
mlnimum value of 2% admission was assumed, A comparison of BSPC 
vs. power output for var10us engme sizes Urd mechods ol  control which 
would meet the power requiijeinent IS shown m Fig. 3.  The lowest total 
propellant consumptlorL .:tor the design mission) 01 a v  the pcwel: modula- 
tion arrangements anaiyzed is obzanried by the hybrid system. An engine 
of 2.77 cubic-inch displacement w&s choserk 1cr these three reasons: 

1. When the e c g m  is operatmg at a maximum ccmbustion 
p r e s s w e  \PI -. 1200 psr): the BSPC 1s at  a mmimum 
for  a 1,7 kw eTlecrrlcai power output, 

2, 
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3, An engine of this size could be used without modi- 
fication over a broadened power range (should it be 
required) if a moderate performance loss fo r  power 
outputs of less than 0,75 kw OF more than 3 kw is 
accepted 

Displacement w a s  varied in an attempt to find an optimum 
displacement foq the hybrid control system, Variable displacement im- 
plies a variable stroke engine, It is obvious from the minimum BSPC 
points for each displacement in Flg, 3 that if a variable stroke engine 
could be built it would produce minimum BSPC's over the entire power 
range. To date, however, there is no practical method of varying stroke 
in an internal combustion engine of conventional coniiguration. 

Fig. 3 also shows the BSPC comparison between operation 
at P1 = 1200 ps i  (curve E) and P1 = 900 ps i  (curve F). This comparison 
shows that for a 2,77 cubic-inch engine the curves are the same below 
1.45 kw, which is the throttled inlet range below P1 = 900 psi. For power 
outputs greater than 1,45 kw, the BSPC is shown in curve F, Since the 
average power for the design mission is about 1,7 kw, i t  can be seen from 
curve F that the engine would be operating a t  near minimum BSPC for most 
of the mission. The additional tuei for operating the total mission at  
P1 = 900 psi  instead of PI  7 1200 ps i  would be less than 10 lbs, for a 2.77 
cubic-inch engine, (see Table I). This is a small penalty for eliminating 
a hydrogen compressor. These operating pressures  are possible with 
supercritical storage, w h c h  requires tank pressures  of 300 ps i  for hydro- 
gen and 1000 psi  for  oxygen, Conventional tankage with high reliability 
could be utilized. e 

A further increase m stcxage pressure to 400 psi  for hydro- 
gen and 1300 psi for oxygen (which would be necessary for 1200 ps i  com- 
bustion pressure) would save 10 pounds oi fuel and add 100 pounds o r  
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mope of tank weight, resulting in a higher total power system weight. 
If P1 maximum is lowered much below 900 psi, the total system weight 
wil l  again increase, since the BSPC would increase, and additional fuel 
would be required without lowering tankage weight. Therefore, P1 max- 
imum of approximately 900 psi appears to be near optimum. 

L 

Engine Configurations In Fig. 

A B C D E F 
Time 

0- 100 hours 243 266 2 42 2 57 2 47 248 

100- 350 hours 67 4 7 24 67 2 703 68 2 690 

Total 9 17 990 9 14 960 929 938 

Table I l ists  the total propellant that would be required by 
each of the engine configurations in Fig. 3 to complete the design mis- 
sion. The BSPC's shown in Fig. 3 have been increased by 1% inTable I 
to cover compressor work on residual propellants trapped in the super- 
critical storage tanks. The propellant consumption is divided into two 
parts,  0-100 hrs.  and 100-350 hrs .  since "boil-off" propellant may be 
available during part  of the first  100 hrs,  

TABLE I 

Beech Aircraft has been contacted regarding tankage methods. 
Their opinion is that only supercritical tankage should be considered for 
this power system at  present, Beech Aircraft is starting a study on sub- 
cri t ical  expulsion, which could change their opinion if positive results 
are obtained. 
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COMPONENT DESIGN STUDIES 

The following items will be investigated in the component de- 
sign studies: 

1. Flight engine configuration 
2. Flight engine cooling system 
3.  
4. Heat rejection control 
5. Zero-g lubrication system 
6. 
7. Vibration isolation 

Oxygen injector location and orientation 

Dynamic balancing of entire system 

Immediate emphasis will be on items 5 and 6. These consid- 
erations do not depend strongly on the results of performance tests, 
but are of vital importance to overall system design. Since all flight- 
weight system design hinges on item 1, effort has been concentrated 
in  this direction during this report period. 

Flight Engine Configuration 

The results of hydrogen valve dynamic studies are shown in 
Figs. 4 and 5. A first look at gas flow characteristics is shown in Fig. 6. 
These studies support the feasibility of a poppet valve of approximately e 

0.2511 diameter and 0 . 0 3 5 ~ 1  Eft for a 300 duration. Poppet seating force 
at these loads may be high enough with a conventional valve spring to re- 
quire desmodromic valve closing with a spring on the other side of a 
rocker arm. The feasibility of driving both hydrogen and oxygen valves 
from cams mounted directly on the crankshaft through similar torsion 
arrangements is also under consideration. 
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I n  Fig. 4, maximum acceleration in g's is plotted against 
crank angle degrees (from opening to maximum lift) f o r  various lifts. 
Sinusoidal acceleration is assumed. 1500 g's is the current design 
practice for racing engines. In  Fig. 5, acceleration and spring force 
are shown as functions of valve head diameter for various lifts and 
for two durations (200 and 300 total duration, corresponding to 100 
and 150 opening duration i n  Fig. 4). A maximum area of 0.020 in. 
is assumed. The spring force of 22 lbs. may seem quite high, but 
is based on current valve component weights and is therefore con- 
servative. 

Hydrogen flow into a cylinder with piston at TDC and with 
the maximum area  of 0.020 in, 
shown in Fig. 6. Both regenerated (100OoF) and unregenerated (700F) 
are shown. A linear area change vs. crank angle as shown in the in- 
sert was used. It can be seen that cylinder filling with a 300 valve 
duration will not be a problem, and that increased compression work 
with the 2% to 5% phasing under consideration for the hybrid cycle 
(corresponding to crank angles between 140 and 230 ATDC) will be 
negligible. Further studies using an actual cam profile and consider- 
ing C (flow coefficient) as a function of lift will be considered. 

used in  the dynamics analysis is 
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CONTROLS 

I . 
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The controls report for this period will cover the following: 

A. Engine control configuration analysis 
B. Evaluation of propellant source control 
C. Evaluation of control components 
D. Evaluation of mode of control 

A. Eneine Control Configuration Anal-ysis 

Control methods for the hybrid power modulation tech- 
niques have been investigated. This hybrid system requires that 
means of control previously considered in a separate manner must 
now be combined in actual system operation. The effect of this change 
in terms of system complexity is to add a hydrogen throttle valve i n  
series with the variable phased valve (see Fig. 7). A slightly more 
complex manner of scheduling valve areas and phasing mechanism 
position is required, but if the proposed mechanical approach is feasible 
the resulting system adds very little cost in terms of reliability o r  added 
components. 

A simplified mechanical schematic (see Fig. 8) is included 
to show the concept of mechanization. Power setting can be thought 
of as being proportional to electromechanical actuator position. Flat 
areas on cams are utilized to phase out the modulating effects of the 
valve o r  phasing cam. 

Evaluation of the inertial effect of heavier generator designs 
indicate that the system will  have a moment of inertia 20 times that 
originally calculated, and 5 times the minimum design value indicated 
in Fig. 6 and 7 of the October Progress Report. The e r ro r  is accord- 
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ingly reduced for a given sys tem gain, o r  the system can be operated 
at  substantially lower gain, eliminating the requirement for load sensing 
and reducing the actuator and valve response requirements. 

B. Evaluation of Propellant Source Cont r o l  

Previously, oxygen and hydrogen stored in the tanks was 
compressed before admission to the engine. An evaluation of tankage 
pressures and of compressor requirements necessary to utilize oxygen 
and hydrogen at the previously designated pressures indicated an over- 
all advantage in engine operation at supercritical tankage pressures. 
This change is shown in Fig. 7. The oxygen is now heated slightly in 
the tank to avoid very low temperature at the throttling valve and at  
the engine. Provisions have been added to allow oxygen from the tank 
to supplement the boil-off supply in the event i t  is not equal to the de- 
mand. 
operate at a more efficient level when boil-off is not used. 

I The compressor may be de-clutched allowing the system to 

Careful  consideration was given to the control of the com- 
pressor. Previously, a closed loop control around the compressor 

become obvious: 

8 was proposed. Although this system is feasible, the following problems 

1. If the compressor is sized for pumping the maximum 
fuel rate required when the inlet pressure is 15 psia, 
then in order  to regulate flow rates down to the minimum 
(about 50% of maximum) the inlet pressure must be re- 
duced to about 7.5 psia. For constant exhaust pressure, 
the pressure ratio will increase as the inlet pressure is 
throttled. The higher exhaust temperatures which result 
a r e  undesirable. 

16 



2. 

3. 

If the inlet pressures are allowed to get too high, the 
work load on the engine goes up accordingly and this 
over-load affects sizing of the engine. A relief valve 
would be required to avoid this overpressure. 

Closing the loop around the compressor using very simple 
and easily mechanized techniques does not give desirable 
results, primarily due to the valve gain variation up- 
s t ream of the compressor. This variation in  gain is due 
to the wide range of inlet pressures from boil-offs as 
well as the change in flow coefficient of an unchoked flow 
orifice. On Fig. 9, runs A, B, C, D, E, F, and G are 
analog traces of the results of this type of system in 
terms of throttled compressor inlet pressure. If gain 
compensation is added to correct for this poor response, 
the results could be represented on the same traces, 
within the range of runs C to D. Adding gain compen- 
sation would add complexity to the system mechanization. 

I The approach proposed at present is based on the following 
ground rule: 

While operating on boil-off! a s D h t  degradation in S. P. C. 
at less than maximum mwer  settings can be tolerated. 

The proposed approach is to regulate compressor inlet and 
exhaust pressures to constant values, retaining the feature to amid 
high inlet pressures at any time. Compressor flow, work, and pres- 
s u r e  ratio are now essentially constant. The mismatch between com- 
pressor delivery and engine demand flow rates is to be bypassed, 
either overboard o r  to some useful purpose. The work in compressing 
the bypassed flow is lost. 

17 



Fig. 9 - CLOSED LOOP COMPRESSOR CONTROL 
FOR HYDROGEN COMPRESSOR 
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Fig. 10 - TYPICAL PRESSURE REGULATOR RESPONSE 
HYDROGEN RESERVOIR PRESSURE REGULATOR 

Reservoir 
Pressure 

Valve Position 

Bypassed 
Weight Flow 

(. 62#/hr change) 
2# 
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The only controls necessary consist of the compressor inlet 
pressure regulator and the reservoir pressure regulating relief valve 
which bypasses the flow necessary to maintain a constant pressure. 
Both of these units perform €unctions similar to many regulators al- 
ready designed. The response of a typical regulator is shown in Fig. 
10. Since the loop is not closed, problems associated with closing 
i t  are eliminated. 

C. Evaluation of Control Comtmnents 

Valves: 

Probably one of the biggest problems in  component selection 
or design is to find an adequate valve to operate at the cryogenic 
temperatures encountered in regulating the compressor supply and in 
supplying gases to the system from the supercritical tanks. Although 
a number of potential suppliers for these and other valves throughout 
the system have been contacted, very little has been accomplished in 
locating actual hardware to accomplish the quite specialized tasks. 
Requirements for the valve are fairly well  established at this time, 
which will  expedite future eontaet. 

Actuator: 

A single actuator to move all power modulating components 
has evolved with the hybrid control concept. Various configurations 
under consideration €or this a@ tuator involve: 

1. Magnetic clutches 
2. Two-phase motors 
3. Torque motors 
4. Hot gas o r  hydraulic power 

20 



Of these concepts, magnetic clutches o r  2-phase motors 
a r e  the most applicable, and the 2-phase motor is the more standard 
and tested method. Further evaluation will follow in this area. 

l -  

Control S-ystem: 

Other system components are: a-e tachometers, amplifiers, 
modulators and demodulators, power supply and reference signals 
supply, A preliminary evaluation of the functions performed by these 
components indicate that a working system can be obtained through 
the use of standard type components; however, a system fully opti- 
mized with respect to reliability, weight, simplicity, packaging, etc., 
would be beyond the scope of this study. 

D. Evaluation of Mode of Control 

Components and signals necessary to select and maintain 
the various modes of control to which the engine will be subjected have 
been added to the control block diagram, (Fig. 7). The accomplish- 
ment of these functions is performed through the logical switching of 
various components at the command 01 sensors within the system o r  
by the operator. Table II has been prepared to outline the state of all 
components involved versus the mode of control. 

21 



TABLE II 

0 - Open 

C - Closed 

22 
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ELECTRICAL COMPONENTS 

Vendors contacted to date have been General Electric, 
Westinghouse? American Mark, and Curtiss Wreht. Response in 
proposal form is forthcoming but has not been received during this 
report period. Vickers effort will resume upon receipt of vendor pro- 
posals. 

MATERIALS 

Materials under consideration which meet the NASA high 
temperature requirements are given in  the October progress report. 
Further materials investigation is proceeding. 

OX YGEN INJECTOR 

Fabrication of the oxygen injector is approximately 33% 
complete. 

HYDROGEN COMPRESSOR 

Fabrication of the hydrogen compressor is now approxi- 
mately 7'5% complete. 

23 



EXPERIMENTAL ENGINE 

. Fabrication of the experimental engine is approximately 25% 
complete. The test set-up will be essentially the same as that used 
during the previous ASD contract except that an American Instrument 
Company Recording High Speed Engine Indicator Catalog No. 5-1711 
will  be used with a balanced diaphragm pick up to obtain indicator 
diagrams. This recording device was developed by MIT and is 
described briefly in pages 211 thru 213 of "The Internal Combustion 
Engine" (Second Edition) by Taylor and Taylor., This recorder pro- 
vides balanced diaphragm accuracy without having to resort  to the 
laborous data gathering and data reduction processes associated with 
the point by point techniques. In addition, the recorder requires a 
minimum of calibration. The recorder is now being procured. 

Problem Areas 

No problem areas beyond those originally anticipated for 
this program have been encountered during this report period. New 
technical problems are not expected until component testing is under 
way. 

Planned Future Work 

For  the forthcoming report period i t  is planned to continue 
work in all of the areas of the program indicated on the schedule in 
F i g .  1. Parametric studies, controls analysis, selection of electrical 
components, reliability studies, and material studies will be con- 
tinued. Fabrication of all experimental components will continue. 

Component design studies will  investigate flight engine 
dynamics, balancing, and lubrication systems. 

24 
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RE LIABILITY STUDIES 

. The principal reliability effort in October was a continuing 
study of the reliability of various low power reciprocating engines for 
the purpose of establishing a valid reliability estimate for the Hydrox 
engine. This estimate will be of prime importance in predicting 
sys tern reliability. Several well known engine manufacturers were 
contacted and useful replies were received from the Briggs and Stratton, 
and Wisconsin Engine Corps. The information and failure rate data 
received was taken from engines using hydrocarbon fuels, and there- 
fore will  apply only in part. For example, spark plug fouling and 
carbon and lead deposits must be discounted as possible failure modes 
in a Hydrox engine, Conversely, the Hydrox engine may demonstrate 
certain problem areas considered unlikely in a gasoline engine during 
a 14-day mission, such as ring failure due to high temperature cylinder 
walls. Other engin? manufacturers contacted to date with a reply forth- 
coming are: McCulloch, Clinton, Continental and Lvcoming, 

Some preliminary component reliabilities were estimated 
during October. Since flight system component designs a re  not yet 
finalized, certain critical characteris ties needed for estimating failure 
rates are not known. Some design areas are now becoming more 
definitive, and initial reliability estimates may be made during November. 

The tentative program for reliability effort remains as follows: 

1. 
2, Conduct failure mode analysis. 
3. Determine redundancy requirements. 
4. Recommend fail-safe techniques. 

Estimate MTBF €or signi€icant components. 

25 
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REGENERATOR 

A.  Procurement 

A regenerator specification was written (See Appendix A) and 
~ a regenerator design layout (Figs. 11 - 16) was drawn. Both the speci- 

fication and layout were submitted to vendors with instructions ,to bid 
on the fabrication of: (1) a regenerator of their own design which meets 
the requirements of the specification; (2) the regenerator shown in the 
layout; and (3) any modification of the regenerator shown in  the layout 
which meets the requirements of the specification and also reduces 
fabrication time and costs. The possibility of building the regenera- 
tor  in-house was also considered, but this approach was rejected 
because of the lack of facilities to perform all of the fabrication opera- 
tions and the desire to place complete responsibility upon a single . 

vendor. 

The reasons for the above approach are as follows: 

1. 

2. 

3. 

The specification allows vendors with both 
analytic a1 and fabric ation capabilities to 
demonstrate their ingenuity. 

The design layout makes it possible to 
solicit bids fram vendors lacking analy- 
tical ability. 

The knowledge obtained through the design 
study, and consultation with fabricators 
and processors involved in  the preparation 
of the design layout, places Vickers in a 
better position to evaluate vendor designs. 

26 
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Requests for  quotation were submitted to the following 
companies: 

1. Cosmodyne Corporation 
2. Harrison Radiation 
3. Houston Fearless Corporation 
4. Northwest Industries Incorporated 
5. Precision Sheet Metal Incorporated 

Note: The reference curve attached to the specification 
is similar to Fig. 14 of Progress Report PR 91565-430-3 except 
that all curves other than the hydrogen and exhaust gas lines have 
been deleted, and the hot end approach temperature has been raised 
f rom 500R to 100oR. 

B. Design Study 

The regenerator design study resulted in  a design layout con- 
sisting of two parallel and identical engine exhaust gas to hydrogen 
exchangers (Fig. 11) and one hydrogen to oxygen exchanger (Fig. 12). 
The physical arrangement of the three exchangers is shown sche- 
matically in  Fig. 13. 

The decision to use a separate hydrogen to oxygen heat ex- 
changer, rather than to have one exchanger in which both the hydrogen 
and oxygen were heated by the exhaust, was made for the following I 

reasons: 

1. Simpler (and thus faster and cheaper) fabrication. 

2.  Safety. The possibility of oxygen leaking into the hot 
exhaust gas flow area and causing a serious fire o r  
explosion is eliminated. 
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3. Simplified testing ar.d data e\ aluation, 

By inspection of Figs ,  11 12, arid 13 it car:, be seen that 
the complete regenerator could be housed in a package not much lar- 
ger  than one exhaust ghs to hydrogen exchanger (Fig. 11) by coiling 
two parallel concentric exhaust gas to hydrogen exchangers around 
the hydrogen to oxygeli exchanger. Considering that the test design 
is conservative (assumrng mean dry exhaust gas properties and 
steady state film coefficients), a flight design based upon the same 
fabrication principles should be cons:derdbly smaller than one of 
the engine exhaust gas to hydrogen exchangers shown in Fig, 11. 

The exhaust gas to hydrogen exchager  showrr in Fig, 11 
consists essentially of a helical. coil of 3/8" 0, Do 0,035" wall, 
stainless steel tubing to which rectangular copper fins are attached 
(by silver o r  nickel f u r r a e  braze) with a spacing of 15 fins per 
inch over a total of 22 3/4 feet of the tube Length. The engine ex- 
haust gas is constrained to floG, ehroEgh the finned annulus by the 
inner and outer stahless steel shells, Thermocouples will be used 
to measure wall temperature rieeded to e\ alukte exhaust gas heat 
transfer coefficients. These thermocouples are attached to the down 
stream side of the outer tube wirll at each eid,, rn the middle, and 
near the last 1m (where condensdion uti11 occur) of the exchanger 
length. The exchanger is fdbricated ir, the follovcing sequence of 
operations : 

1. 
2 ,  
3. 

The coil is wound, 
FIPS UC? dtt&hod, 
Tne imer shell is iriserted, Stanless 
steel  filzs w i l l  be protided at suitable 
locateor, to prei cr-1 dkmagfng of the 
copper fnris durirg r3Lssembly. 
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4. 

5. 

6. 

The fins are clipped and holes are 
drilled through the inner shell where 
thermocouples are to be located. 
Thermocouples are inserted and welded 
in place. 
The outer shell is attached and the flange 
is welded. The thermocouples may be 
replaced by removing the outer shell. 

I 

A compilation of calculations and results upon which, the 
design is based is given in Appendix B. 

During the design study, other configurations based .on 
the same tube size and fin design were considered, Figs. 14, 15, 
and 16 show preliminary design studies of two flat configurations and 
one square, helical configuration. The basic advantage of a flat 
configuration is that fins can be assembled in stacks on rods, and 
then held to (or held by) the tubing for welding. However, the com- 
plex tube bending and housings required for these three configura- 
tions, coupled with the need to hold close tolerance between the fins T 

and tubing to assure good weld contact, makes these three designs 
compare unfavorably with a circular helical design for the purposes 
of this program. Special f ins  made (at no cost to Vickers) by the 
Gasket Manufacturing Company, Inc. of the washer, stock, and 
ribbon types were used in the evaluation of the different design 
approaches a 

A more compact design can be achieved by the use of 
specially formed tubing and by manifolding o r  internally welding 
tubes. Such a design should be considered for a flight system. 
Due to expense, time, and safety considerations, one of the design 
objectives for the test generator was that it should have no internal 
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tube connections. This design objective, in conjunction with a 
reasonable size limitation, eliminated the finless approach. 

The hydrogen to oxygen heat exchanger shown i n  Fig, 12 
is an arbitrary design consisting of brazed, concentric hydrogen 
and oxygen coils. The calculations shown in Appendix C indicate 
that this exchanger is more than sufficient to bring the exit hy- 
drogen and oxygen temperatures within a few degrees of each other. 
Although heating oxygen to the hydrogen temperature does nothing 
to affect the thermal performance of the system, it may aid in ,  
metering control of the propellants. 

C. Test  Set-Up 

The regenerator test circuit is being designed. The ex- 
haust gas flow will be supplied by a water cooled low pressure 
combustor. The possibilities of using steady state, o r  pulsating 
exhaust flow is being considered. 
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EElVERA!l!OR 
S PECTFICATIOI 

1.0 GENERAL: The regenerator is t o  be used during t he  

breadboard component development test  phase of t he  

hydrogen-oxygen engine, auxiliary electric power 

supply development program,which Vickers is perform- 

ing under NASA Contract NAS 3-2550. 

2.0 SCOPE: This specification describes the requirements 

f o r  a test-type regenerator. The regenerator is t o  

be used t o  preheat engine propellants (hydrogen and 

oxygen) by transferring heat t o  them from t he  engine 

exhaust (% and H;! 0 ) .  Early delivery and price a r e  

of primary importance. The use of standard pa r t s  or 

the  modification of standard p a r t s  is desirable. 

3.0 TEcHaICAL IISFORMATIOI AND REQUIREMENTS 

3.1 Enrtine Exhaust Cas Data 

Inlet temperature will be = l%OOR 

Inlet pressure will be = 2.0 psia 

Ambient pressure will be = 0 p s i  

Jlote: The regenerator shall be designed for  

the  specified thermal performance with 

2 psia inlet pressure and with the exit  

di8charging t o  a space vacuum; however, 

i n i t i a l  tests will be performed with 

14.7 psla back pressure. 
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The pressure drop  t o  inlet  pressure rat io:  

I -  

A P  = 20$ max. (0.4 psi with 2.0 psia P 
i f l e t )  

Weight r a t e  o f  flow = 42.2 l b .  per hr. 

3.2 WroeenData 
Inlet  temperature w i l l  be = 25OoR 

Exit temperature shall be = 1 6 4 0 0 R  (Ref.) 

Inlet pressure w i l l  be = 1200 ps i  

The pressure drop t o  inlet pressure r a t io s  

A P  
p = % max. 

The to t a l  cross-sectional f l a w  area shall be 

not less than 0.146 sa. & I.eo9 5/8" OD 

or l a rge r  If a single tube is used, o r  3/8" OD 

o r  l a rge r  if two parallel tubes a r e  used. 

(The area l imi ta t ion  is d i c t a t e d  by the engine 

hydrogen valve area requirement) 

The weight r a t e  o f  f l o w  Will be = 14.1 l b s  per 

hour. 

3.3 D a  

Inlet temperature w i l l  be = 250°R 

Outlet temperature shall be = 1250°R min. 

I n l e t  pressure will be = 1500 psia 

The pressure drop t o  inlet  pressure r a t i o r  
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Minimum cross-sectional f low area = 0.01 sq. 

in. 

Oxygen t o  hydrogen weight r a t i o  = 2 

3.4 Heat  Transfer Reaurementg 

3.4.1 HvdroneQ 

The hydrogen part of the  regenerator sha l l  

be designed assuming tha t  all heat t ransfer  

takes place between the  engine exhaust gas 

and the hydrogen (no oxygen f lowlmg) .  

Hot end approach temperature2 

8t = 100.R max. 

Heat t ransfer  rate approximately 

= 58,400 BTU per hour (Ref.) 

Notes The above heat t r ans fe r  r a t e  is the  

r e s a  t of Vickers' prel iminary 

calculations and is submitted as 

a reference only. 

Mean dry gas  properties shall be assumed 

f o r  t h e  engine exhaust gas when calculating 

the  heat transfer between the engine exhaust 

gas and the hydrogen, Le. ,  neglect knee 

i n  the exhaust gas curve as shown on the 

attached reference plot.  

3.4.2 OXmzen 

The regenerator sha l l  be designed t o  r a i s e  

the  oxygen temperature from 250°R t o  12fjO.R or 
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more while the hydrogen i s  a l s o  flawing. 

The hot end approach temperaturehoi the irsazagr?n (see 

3.4) will increase when oxygen is  flowing. 

Sf 

4 .O R J S ~ T J M ~ A T I O B  

The regenerator shal l  have a suff ic ient  number of 

them3 couples t o  ob ta in  the average engine exhaust 

gas wall temperature ( the exhaust gas side of the 

hydrogen tube) a t  the following s ta t ions:  

a - the  hot end. 

b - the  cold end. 

c - the middle .  

d - 10% of the length from the cold end. 

The thermocouples should be located so t h a t  they a re  

not affected by the exhaust gas temperature. 

P a r t s  sha l l  be provided f o r  thermocouple lead wires, 

and the regenerator shal l  be designed so t ha t  

thermocouples can be replaced. 

VENDOR TESTING AND DESIGN VERIFICATION 

The vendor is not required t o  perform tests * t th  

hydrogen, oxygen and exhaust gas, o r  tests t o  

demonstrate performance. !be vendor need perform 

only those t e s t s  he considers necessary t o  guarantee 

the s t ruc tura l  in tegr i ty  of the regenerator under I ts  

specified operating conditions. Thermal performance 

must be demonstrated t o  Vickers' sa t i s fac t ion  by 

regenerator design layout and analysis. 

5.0 
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6.0 SAFETP 

The regenerator shall be designed with a safety fac tor  

of s i x  (6) a t  peak operating temperatures and pressures. 

The regenerator should be designed so t ha t  i f  a leak 

should occur i n  the oxygen l i n e ,  oxygen w i l l  leak t o  

ambient and will not leak  to  the hydrogen or engine 

exhaust (which contains hydrogen) f l o w  a reas .  

7.0 CONFIGURATION 

The de ta i l  configuration is l e f t  t o  the vendor. Since 

the regenerator i s  t o  be used for extensive bench 

tes t ing ,  sui table  mounting brackets sha l l  be provided. 

Size and weight are not c r i t i c a l ;  however, the regenerator 

should reflect the performance tha t  would be anticipated 

i n  a flight weight unit. 
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